
UNCLASSIFIED

AD NUMBER

AD002098

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution: No foreign.

AUTHORITY

"Normal closure 30"

THIS PAGE IS UNCLASSIFIED



Reproduced b

41M ed .eVces I .echni.cal Information flgency
'0 el i illlIl'T SE R VI CE C E NT ER

PO'fli BUILDING, DAYTON, 2, O !!O

AD-RU

k I, iii

_______________________....__________________ _________________ __ ___

S,1 . . e , I1

-.- ,e -- WL 1 1 
,,1 

-



UNajASW7FIM

U2D.S. No. 533.691.18.O11.5 : 533.6.013.12

Technical Note No. Aero 2184.

August, 1952

3)YAL AIRMAIP.12ABLISM1Qa-T2 FAnmROU1n

Curves for Estimating th6 Wave Drag of some Bodies of
Revolution, Based on 1-baot and Approximate Theories

by

L. E. Fraenkel

Curves are presented for estimating the wave drag, at zero inoidmnae,
of forabodies and afterodies hav1ing straight and parabolic profiles. The
afterbodise am asawned to lie behind an 1.nf'initly. lcr.g oyqindrioal body.
The curves are based on a limited number of exaot and seoord-order solutions
whioh have been generalised by appealIng to tho supersonic-.¾yporsonio
almilarity la) and to slender body and quasi-oylinder solutions.
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1 Introduction

In Ref. 1 the quasi-cylinder and slender body theories 2 33 wore used
to est!.blish a reversibility theorem and to introduce the concept of the
interference effect of a forebody on an afterboddy. For a body consisting
of a foreboay, a cylindrical mid-portion, and an afterbody, the drag was
considered to he the _mn of three componenta;r

(i) The forebody drag.

(ii) The principal afterbody drag, which is the drag that the
afterbody could have if it wore situated behind an infinitely
long parallel portion.

(iii) The interfercno, drag due to the off ct of the forebody on
the afterhod-.

The forebody drag and principal afterbody drag were equal for shapes
which Are the rerverse of one another, and the interference drag proved to
be merely the intdgral ovcr tuh aXfterbody of the pressures which would :
exist on the parallel portion if it were extended into the region of the
afterbody.

These conoepts and both tha approximate theories were then applied
to calculate the drag of bodies with pointed or truncated forebodies and
aftorbodies, of straight or patabolic profile. However the resulting
curves are riot wholly satisfactory from the viewpoint of the airoraft
designer because they axo lii uitod to bodies of small profile slope and
to fairly low srnarsonic Mach numwars. and in regions where the aprroxi-
mations begin to differ the designer must decide which of the tw- theories
is nearer to the truth.

This note is a-n attempt to provide curves of forobody drag and
principal afterbody drag Ahich can be used for bodies of moderate profile
slope and for fairly high supersonio Mach aw..bers, anid wih . l.. .iLt&"U
the need for choosing one of the two approximations. (No new; valuos oaf
interference drag are provided because no systematic exact solutions of
this problem have become available; however, this drag is often Ymall
and tho approximate values of Ref. 3L may prove adequo.to fr mat pu--rp, ).
The new couves are essentially based on a limitod numbeor of exact and
socond-order rasults which have boon generalised by plotting tnem accord-
ing to the supursonic-hyporsonio similarity la&-5 and by extending them
on the basis of comparison y.tth the qdasi-cyiinder and slender body theories.
The similarity law can be stated in a number of equivalent wayss the one
considered most convenient and u-sed here i:n that, for bodies of alasima
profile and different thiolness rttios (We4), the parameter OD (t/R)c

is a fietion only Of R ,1-4/4 The mathomatical derivation of this
law rests on an assumption of saall profile slope for both the supersonic
Wid yU1uUz'd1u eases, but Uceks of ti law Wth eoxant numerical reoulta
(Ref. 6 end thye work below) inicmate that if the drag of bodios with
maxiRiM slopes up to 0.4 ise plottcd according to the law the maciudM
deviation from a rmian curve is about 50.

* It in amjumod both in Ref. I and here that the flow is tmdisturbod

ahead of an opon-noao body, i.o. that thoru is no 'spillego'.
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All the results given here tend to fail as M - 1; a possible
oriterion for their applicability is that the flow must be supersonic
veorywhera in the field ahead of the ba6e. This can generally be

inaestigate& by using oblique or cone shock tables to see whether the
nobse shock .•: attsachedl and the, flow behind it supersonic.

No attempt i made here to allow for the effects of boundary layers,
wbich are Icown to have a considerable jifeuc on the pressure distribution
of afterbodies.

2 The basis of the generalised curves

2.1 Oaioal forebodies

Fig. 1 shows a colparison on the basis of the imilarity law of
esot? and approxim-ate values of the dlrag of a nutbo;- of oones.* The
regions where the curves for 6 = 12.50 and 200 dopart appreciably from
the others correspgnd to subsmano flow along the core surface. The
curve for 0 12.5 in Fig. 1, faired into the slender body curve for
small Ry--i•iL, was chosen as the; wique curve for all cones as a
basis for extending the cone results to open-nose bodies.-

The first slop of this extension was to choose one of the approxi-
mate theories as the preferable one for each value of' RI42'.,- there
6 is the •le.gt.h of a truncated body so that RJ/ is a measure of slope

only Lin conaunctio-n with the area ratioý SJ/S-. 11r mfiXIt = 0.05,.
0.10, 0.15, 0.20, 0.30 the slender body theory was taken, for R5-1--A =

0.6, 0.8, 1.0 the quasi-cylinder theory vas taken, and for RI'2•3/6 = 0.4.
a mean of the two was taken. The exact results for cones iwere then intro-
duced by the following rather arbitrary assumption: that for constant
R4IJW--V& the percentage difference between 'exapt' values and those given
by the chosen approximate theory decreases linearly with the area ratio
SC/SI as this varies from 0 to 1. Thus if Y is the 'exact' value of
Cb(t/Rl)2, y is its &praoxlmate value, alA x is Vs/s, then Y is
defined by

1 " o - Constant.

"The results of this procedure are shor•n in Pig, 5.

• There is of course no justification for applying the quasi-cylinder
theory to pointed bodies but this was done here becaume at the higher
Mach nuwters the quasi-cylinder theory gives a less erroneous indication
of the variation of drag with Mach number than does the slcnder body theory.
This tendency, which seams to persist for all the bodies considered hero,
may be partly explained is followas: the quasi-cylinder theory uses the

complete solution of the linuarisei equation, vj ',5i-1 pr) in the
notation of Refei, 1, 2 or 3, although it only satlsfios the bouwadary
condition at a mean radius; on the other hand the slendor body theory

only uses the first two tu of J0o~ fITi Pr) expanded in cernting
powers of itr, argý,unent.
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2.2 Parabolio forebodies

The procedure for obtainia g the drag of pointed and open-nose para-
bolic forebodies was identical with that outlined for conical bodies.
The differene in local radium and slope between a circular arc Id a
parabolic profile with the same overall dimensions is O[(RI-Ro)T/t,31
and this difference was considered to be negliqible to the order of
accuracy of the present work. (Strictly only the prabola gives geometri-
cally 'similar' bodies when the thickness ratio is varied). The assumied
unique curve for pointed parabolic forebodios (Fig. 2) is based upon the
careful characteristics calculations of Rossow0 for circular arc ogives.
The results for open-nose patabblic forebodies, obtained as ahove, are
given in Fig. 6.

2.3 (onical afterbodies

'he results for the principal drag of conical afterbodtCs arc based
on a number of calculations made with Van Dyke's second-order theoryS:
for these the author is indebted to H. X. Zienkiewios of the Thaliasi
Electric Co., Ltd. The drag coefficients here have boon multiplied by
a factor 5l (exact)/%l (second-order), where %1 is the pressure

coefficient irmediately behind the initial corner; this factor W&5 Ja ya
between 1.06 and 1.00 and appeared to improve correlation on the basis of
the similarity law. Fig. 3 shows this correlation and the curves assumed
unique for each area ratio; the-final results are aross-plotted in Pig. 7.

2.4 Parabolic afterbodies

The results for para)olie afterbodies were based on a series of
characteristics calculations, performed at the request of the R.A.E. by
the Computing Section of the Mathematical Division, MPL, under the
supervision of Dr. L. Fox. These results are shown in Plg. 4; the
curves assumed unique for each area ratio are those for the body with a
basic thickness ratio of 0. 2434, extended to higher Mach numbers by
extr-apolati---g t.he parallel to the quasi-cylinder solution. The final
results are cross-plotted in Fig. 8.

3 Conclusions

The results for aftorbodies and pointed Voro-bodios are clearly on
firmer ground as solutions of the inviscid flow problem than those for
open-nose forebodies because of tho assumption =ado in the latter case
about the variation of drag with area ratio. In' fact whereas the results
for afterbodies ard pointed forebodies are presented here with some confi-
dance, those for open-nose forobodies arc only intended as a tentative
guide to enable designers to make rapid estimates of drag which will not
be altogether unreasonable.

On the other hnnd the effect of bounda&r-y layer upon tho prossuro
distribution and wave drag is in general apprcoible only for- afterbodios"
this effect is usually favourable.

It hIs boon soon that the similarity law 'collapses' exact results
remarkably vwell; it should be noted, however, that when a curve represent-
ing some typical thickness ratio is assuncd to be uniquo, it clways over-
ostimates slightly the drag of thicker bodies and undorestimates slightly
the drag of more slender ones. Allowance for this effect, if desired,
can be made by reiring to Figs. I to 4.
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NOTATIONI

) wave drag coeffioient based on maximum cr-oss-sectional area

6 length of a truncated forebody or aftorbody

I. !ng-h of a pointed fnrenbod or _ftenbmny

M free stream Mach number

R radius

".3 orose-seotion area

( )o station of minifium cross-sectional area

( )I station of maximum oross-sootional area
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